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I,  INTRODUCTION. 
While  this  thesis  deals  with  the  general  problem  of 
distorted  waves,  the  particular  phase  of  it,  which  has  "been 
studied  is  the  posibilities  of  deriving  a  high  frequency  e.m.f. 
from  a  generator  which  gives  substantially  a  sine  wave  of 
e.m.f,  of  moderate  frequency.     The  importance  of  this  problem 
is  obvious  to  students  of  wireless  telegraphy  and  telephony. 
The  subject  has  been  attacked    from  two  different  directions 
by  members  of  the  present  graduate  class.  Mr.  P.  G.  Willson 
has  investigated  the  possibilities  by  means  of  three  single 
phase  transformers  operated  from  a  three  phase  circuit  and 
the  writer  has  investigated  the  problem  from  the  point  of  view 
of  establishing  the  maximum  possible  wave  distortion  in  a 
single  phasstransf ormer .  It  is  well  known  that  if  a  sine  wave 
of  e.m.f.  is  impressed  upon  a  single  phase  transformer,  the 
resultant  wave  of  current  will  be  not  only  of  fundamental 
frequency  but  will  contain  a  fairly  large  triple  frequency 
component.  This  thesis  is  the  result  of  an  attempt  to  produce  a 
large  third  harmonic  by  using  a  ferric  inductance  excited 


chiefly  by  direct  and  alternating  current. 


— —  :        —  ———^ 

II.     DESCRIPTION     OF  APPARATUS. 

The  ferric  inductance  used  was  a  standard  60  cycle, 
shell  type,  two  K.W.,  transformer;  made  by  The  General  Electric 
Co.  ,  having  a  ratio  of  one  to  one.  The  ammeters  and  voltmeters 
were  of  the  same  make  as  also  was  the  oscillograph.     The  meters 
were  calibrated  before  using.    Every  precaution  was  taken  to 
see  that  no  insidious  errors  could  creep  in;  and  all  apparatus 
carefully  adjusted.    A  potential  of  600  volts  direct  current 
was  impressed  upon  one  coil  of  the  transformer,  which  was 
connected  in  series  with  a  variable    external  resistance. 
Upon  the  other  coil  an  e.m.f.  of  110  volts  alternating  current 
was  impressed.  See  PIG •  I.     The  e.m.f.  in  the  latter  case  was 
of  sine  wave  shape  as  is  shown  in  FIG.  II.,  Oscillograph 
films  were  taken  from  the  alternating  current  side,  of  the 
e.m.f.  and  current. 

In  the  first  few  experiments  an  e.m.f.  of  110  volts 
direct  current  and  about  9  amperes  were  used.     The  external 
resistance  being  in  this  case  approximately    12.5  ohms»Under 
these  conditions  the  distortion  of  the  alternating  current 


Current  cJ/oqro/??  ^jhoM/zr?^ 
corfnec/'/os?   /b  /r<?s?s forme/- 


was  only  moderate  as  shown  in  FIS.  III.    When  using  600  volts 
direct  current  however  and  retaining  the  same    amount  of 
direct  current    the  wave  was  much  distorted.     The  positive 
lobe  of  the  current  wave  was  pointed  and  the  negative  part  of 
the  cycle  flattened  as  seen  in    FIG.  II.  Waves    NO.  I  and  II. 
This  change  in  the  two  lobes  suggested  the  large  third  and  one 
or  more  very  large  even  harmonics. 

Calibration  lines  were  made  upon  the  films  using  a  known 
value  of  direct  current,  inorder  to  enable  the  study  of  the 
magnitude  of  the  waves.  Wave  analysis  was  confined  to  the 
alternating  current  only,  while  it  was  realized  that  the  direct 
current  was  also  distorted. 

Pour  waves  have  been  selected  from  a  large  number  because 
they  represent  the  principal  features  of  the  investigation. 
The  electric  constants  pertaining  to  these  four  waves  differ 

only  in  regard  to  the  value  of  the  direct  current  voltage 
at  the  terminals    of  the  transformer;  thus  each  film  shows 

the  effect  of  changing  the  direct  current.   The  readings 
taken  are  tabulated  on  the  following  page. 


Y/ave 
No. 

3 

D.C. Voltage 

across 
transformer 
.389 

A.C. Voltage 

across 
transformer 
110 

Amperes 
on  D.C. 

side 

3.2 

Amperes 
on  A.C. 

side 

6.0 

4 

.556 

110 

4.6 

8  .6 

1 

.980 

110 

8.0 

13.0 

2 

1.800 

110 

15.0 

26.0 

The  above  tabulation  gives  the  relation  between  the  effect- 
ive values  of  direct  and  alternating  current  with  different 
values  of  direct  current  voltage  across  the  transformer. 

In  the  analysis  of  the  waves  it  it  seen  that  decreasing 
the  resistance  on  the  direct  current  side  causes  an  increase  in 
current  in  both  the    alternating  and  direct  current. 

The  four  waves  were  analyzed  by  Fourier's  series  to  deter- 
mine the  relative  distortion  and  to  find  the  ratio  of  the  effect- 
ive value    of  the  current  in  the  resultant  wave  to  the  effective 
value  of  the  current  in  the  wave  of  triple  frequency.    Y/ave  NO. 2 
was  analyzed  for  all  harmonics  up  to  the  twelfth.  Waves  ITo.  1,  3, 
and  4  were  analyzed  only  for  the  third  harmonics. 

Before  taking  up  the  method  of  analysis  it  seems  appropriate 
to  summarize  the  causes  of  wave  distortion.      The  next  page 
gives  the  principal  causes.      Y/ave  distortion  of 


e.m.f.  may  arise  from  a  variety  of  causes;  it  may  be  due  to  one 
or  more  of  the  following: 

1.  Non-uniform  distribution  of  magnetic  field. 

2.  Non-uniform  velocity  of  conductor. 

3.  Non-uniform  pulsation  of  magnetic  field, 

4.  Pulsation  of  magnetic  permeability. 

5.  Pulsation  of  dielectric  permeability. 

6.  Pulsation  of  resistance. 

The  case  considered  more  particularly  in  this  thesis  is 
the  effect  of  unsymmetrical  distribution  of  flux  during  succes- 
sive half  waves  in  a  single  phase  transformer.     By  establishing 
a  steady  direct  current  flux  in  the  core  of  a  single  phase 
transformer  and  superimposing  an  alternating  flux  upon  it,  a 
distorted  wave  containing  even  harmonics  and  a  large  third  can 
be  expected.     This  is  what  has  been  done  as  described  in  the 
preceeding  pages. 
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III.     METHOD    OF  ANALYSIS. 
A  short  discussion  of  Fourier's  series  seems  necessary  in 
this  connection  since  they  are  used  in  the  analysis  of  the  waves. 
Any  periodic  function  may  he  expressed  by  Fourier's  series  as: 
Y  =  A  +  A ,  cos  6  +  A  cos  26  +  Aa  cos  30  +  B.  sin  e  +  B  sin  29  +  3  sin  30 


+-  + 


Where  Y  is  a  function  of  6. 


Y-Ao+A(cos  0  +  B,sin  6+  A^cos  26+  BA  sin  26+ A^  cos  30  + 

Let    A(=C(cos  §t  Where  C,=^*+  B" 

and  Bj^C,  sin  ^  and  tan(j)r-7- 


Then 

Y=A,+  C/cos  (()>)    .     cos  (6)       G(  sin  (<|))  .  sin  f6) 
-A  +  C,cos  (9+  $)  +  C^cos  f26+(|)3)  +  C3  cos  (30+$)++  +  C^cos  (nOi^ 

To  obtain  the  values  of  the  coefficients  and  angles  for  a 

given  wave.  The  following  method  may  be  used:  Multiply  the 

instantaneous  values  of  Y  by  sin  fn9)  which  gives  a  new  curve. 

The  area  of  this  curve  for  a  cycle  divided  byff is  the  value 

of      ..      In  a  similar  manner  for  B^ multiply  by  cos  (n6). 

In  the  case  of  waves    containing  even  harmonics    the  area  of 
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the  curve  must  "be  integrated  from  zero  toajsinee  the  two  lobes 
are  not  the  same. In  the  case  of  odd  harmonics  the  process  may 
he  shortened  taking  only  a  single  half  wave  or  180  of  the  cycle. 


Thus  the  expression  for  wave  II o  2  was  of  the  form  shown 
on  the  preceeding  page  .     The  effective  value  of  each  of  the 
higher  harmonics  was  of  course  70.7  per  cent  of  the  maximum  . 
The  effective  value  of  the  resultant  wave  was  read  from  the 
ammeter  on  the  alternating  current  side.  The  ratio  having  been 
determined  by  analysis  and  found  to  be  .324  as  an  average. 
That  is  the  third  harmonic  was  32.4  per  cent  of  the  resultant. 
See. Table  IV.        The  effective  value  of  the  third  harmonic  was 
found  by  taking  32.4  per  cent  of  the  resultant  wave  as  read  by 
the  ammeter;  this  gave  the  absolute  value  in  amperes. 

The  contents  of  the  following  tables  are: 

Table  I.  All  the  harmonics  up  to  the  twelfth  in  wave  Ho.  2. 


For  B  in  a  similar  manner. 


n 


Table  II.  Analysis  of  the  third  harmonic  and  resultant  waves 
in  No.  1  and  3. 

Table  III.  Analysis  of  wave  No.  4  . 

These  tables  express  the  mechanical  and  mathematical  work  of 
integration. 


TABLE  I. 

"ave  Ho.  2. 


9 

Y 

SIN  9 

COS  9 

Y  SIN 

9     Y  COS  9 

Y  Sill  29 

Y  COS 

10 

8 

.174 

.985 

.14 

7.68 

2.74 

7.52 

20 

22 

.342 

.940 

7.54 

20.54 

14.14 

16.84 

30 

36 

.500 

.866 

18.00 

31.20 

31 . 20 

18.00 

40 

45 

.643 

.766 

27.66 

33.00 

42.40 

7.50 

50 

43 

.766 

.643 

33.00 

27.66 

43.40 

-  7.50 

60 

35 

.856 

.500 

30.30 

17 . 50 

30.30 

-17.50 

70 

25 

.940 

.342 

23.50 

8.55 

16.10 

-19.15 

80 

17 

.985 

♦  174 

16.72 

2.96 

5.81 

-15.95 

90 

9 

1 

.000 

0 

9.00 

0 

0 

-9.00 

100 

3 

.985 

-.174 

2.96 

-  .52 

-  1.05 

2.82 

110 

-  1 

.940 

-.342 

-  .94 

.34 

.64 

.75 

120 

-  7 

.866 

-.500 

-  6.05 

3.50 

6.05 

3.50 

130 

-10 

.765 

-.543 

-  7.65 

6.43 

9.85 

1.74 

140 

-11 

.643 

-.756 

-  7.07 

8.43 

10.85 

-  1.91 

150 

-12 

.500 

-.866 

-  6.00 

10.40 

10.40 

-6.00 

160 

-13 

.342 

-.940 

-  4.45 

12.20 

8.36 

-  9.95 

170 

-13 

.174 

-.985 

-  2.26 

12.80 

4.45 

-12.20 

180 

-13 

0 

-1.000 

0 

13.00 

0 

-13.00 

190 

-12 

— 

.174 

-.985 

2.09 

11.80 

-  4.10 

-11.30 

200 

-12 

— 

.342 

-.940 

4.10 

11.30 

-  7.72 

-  9.20 

210 

-12 

— 

.500 

-.866 

6.00 

10.40 

-10.40 

-  6.00 

220 

-12 

— 

.643 

-.766 

7.73 

9.20 

-11.80 

-2.09 

250 

-11 

- 

.766 

-.643 

0  .44 

7.07 

-10.85 

1.91 

240 

-11 

— 

.866 

-.500 

9.50 

5.50 

-  9.52 

5.50 

250 

-10 

— 

.940 

-.342 

9.40 

3.42 

-  6.43 

7.66 

260 

-  9 

— 

.985 

-.174 

8.85 

1.56 

-  3.08 

8.45 

270 

-  9 

-1 

.000 

0 

9.00 

0 

0 

9.00 

280 

-  8 

— 

.985 

.174 

7.88 

-  .14 

2.74 

7.50 

290 

-  8 

— 

.940 

.342 

7.53 

-  2.74 

5.24 

6.13 

300 

-  8 

— 

.866 

.500 

5.94 

-  4.00 

5.93 

4.00 

310 

-  7 

— 

.756 

.643  ■ 

5.36 

-  4.50 

6.90 

1.22 

320 

-  6 

.643 

.766 

3.86 

-  4.60 

5.90 

-1.04 

330 

-  5 

.500 

.866 

2.50 

-  4.33. 

4.33 

-  2.50 

340 

-  3 

.342 

.940 

1.05 

-  2.82 

1.93 

-  2.30 

350 

-  1 

.174 

.985 

.17 

-  .98 

.34 

-  .94 

360 

-  0 

0 

1.000 

0 

0 

0 

0 

17 

234.79 

252.01 

205.05 

-37.48 

.486 

6.70 

7.20 

5.85 

-  1.07 

",'ave  No.  2. 


Y  SIN  39 

Y  COS  3© 

4.00 

5.92 

19.05 

11.00 

35  .00 

0 

37.20 

-21.50 

21.50 

-37.20 

0 

-35.00 

-12.50 

-21.50 

-14.70 

-  8.50 

-  9.00 

0 

-  2.60 

1.50 

.50 

-  .86 

0 

-  7.00 

-  5.00 

-  8.56 

-  9.52 

-  5.50 

-12.00 

0 

-11.25 

6.50 

-  6.50 

11.25 

0 

13.00 

6.00  • 

10.40 

10.40 

6.00 

12.00 

0 

10.40 

-  6.00 

5.50 

-  9.54 

0 

-11.00 

-5.00 

-  8.66 

-  7.80 

-  4.50 

-  9.00 

0 

-  6.93 

4.00 

-4.00 

6.93 

0 

8.00 

3.50 

6.05 

5.20 

3.00 

5.00 

0 

2.60 

-  1.50 

.50 

-  .86 

0 

0 

53.55 

-93.53 

1.81 

-  2.66 

TABLE 

I. 

Continued. 

Y  SIB  49 

5 . 14 

b  •  13 

21 . 64 

rr     o  O 

3 .82 

31 . 20 

"i  o  r\r\ 

-18 . 00 

14 . 70 

>i  a    a  c 

-40. 05 

-14 . 70 

A  A  AC 

-40 . 05 

-30 .30 

i  r?     c  a 

-17 . 50 

— <54 •5U 

/I      T  C 

-10 . 90 

lo  .00 

0 

O      A  A 

y .  oo 

1 .  9o 

O     'Z  A 

e  .  0\J 

CI  Q 

-         .  1  1 

-  6  . 05 

rz     c  A 

£>  •  50 

-  a  #4^ 

n    /i  a 

y  .40 

rr     ri  /* 

3.76 

"?  a  a 

10 . 30 

n  a    a  a 

10.40 

r    a  a 

6  .00 

i  o    o  a 
IxS  .  80 

8.56 

-  y .  9  5 

0 

-13. 00 

-  7.73 

O  OA 

-  9.20 

-11 .80 

O  AO 

-  2.09 

-10 .40 

A      A  A 

6  •  00 

—  4  .  10 

11.30 

rz    Tt  r 
5.  lb 

1  A  CJA 

10 .  oO 

O  CO 

rr      C  A 

5 . 50 

9  . 85 

-  ± .  74 

5.78 

-  6  .  90 

0 

-  9 . 00 

c:  "1/1 

-  5 . 14 

-  6  .13 

rt  DO 

-  1.39 

-  6.93 

yl     A  A 
4  .  00 

—  <i .  oy 

C  CD 
O  .  OO 

o  Ac 

2  ,05 

c     r  a 

5 . 64 

/i       rr  rr 

4  .33 

2  .50 

2.96 

-  .52 

.64 

-  .76 

0 

0 

1.50 

-59.09 

.043 

-  1.68 

Y  SIN  59     Y  COS  59 


6.13 

5.14 

21.64 

-  3.82 

18.00 

-31.20 

-14.70 

-40.05 

-40.05 

-14.70 

-30.30 

17.50 

-  4.35 

24.60 

10.90 

13.00 

9.00 

0 

1.93 

-  2.30 

.17 

.98 

6.05 

3.50 

9.40 

-  3.42 

3.76 

-10.30 

6.00 

-10.40 

12.80 

-  2.26 

9.95 

8.35 

0 

13.00 

9.20 

7.73 

11.80 

-  2.09 

6.00 

-10.40 

4.10 

-11.30 

10.30 

-  3.76 

9.52 

5.50 

1.74 

9.85 

5.78 

6.90 

9.00 

0 

5.14 

-  6.1". 

1.39 

-  7.88 

6.95 

-  4.00 

6.58 

2.39 

2.05 

5.64 

2.50 

4.53 

2.96 

.52 

.76 

-  .64 

0 

0 

122.08 

-35.71 

3.49 

-  1.02 

'ave  No.  2. 


RTN  Aft 

Y  COS 

4.  00 

1  Q  OR 

-i 1  on 

-3A  00 

xj  O  •  vy  Vy 

-PI- 50 

37  ?o 

21  50 

£j  _L  •  *J  Vy 

o 

f.y  <J  •  Vy  Vy 

21.60 

1  ?  AO 

14-  70 

o 

vy 

-  9  .00 

-  1 .  50 

86 

•  v->  O 

.  50 

•  %J  vy 

o 

-  7  .00 

R   A  A 

Vy  •  -J  Vy 

-   5  00 

9  52 
0 

-  5-50 

12.00 

11.25 

5.50 

11.25 

-6 . 50 

0 

-13.00 

ID   A  0 

-  6 . 00 

w  •  vy  vy 

10  40 

J-  Vy  •  x  V/ 

5 .  00 

\J  •  vy  \y 

0 

Vy 

12  00 

1  0  40 

S  .  00 

Q  A/1 

-  5 . 50 

u 

1 1  00 

0    A  A 
o  .  o  D 

-  5.00 

7  80 

4 .  50 

n 

9  00 

6  -  93 

4 . 00 

-IT  •  \y  V> 

5 . 93 

-  4.00 

o 

-  8.00 

A  OA 

-  3  AO 

5.20 

3.00 

0 

5.00 

2.60 

1.50 

.85 

-  .50 

0 

0 

21.44 

-15.00 

.61 

-  .43 

:LE  I. 
Continued . 


Y  Sill  79     Y  COS  79 


7-52 

2  -74 

14  .1  4 

-16.84 

-18 .00 

J-  vy  •  vy  vy 

-31.20 

-42.40 

7.50 

-  7 . 50 

42.40 

30  ^0 

kJ.  vy  •  t_y  vy 

17  -  P0 

-LI    g  o  Vy 

19  -15 

-16 .10 

jl  vy  •  -l  vy 

-  5.81 

-15 .95 

-9.00 

0 

-  1.05 

2.82 

.76 

.64 

-  6  .05 

5.52 

1.74 

9.85 

10.85 

1.91 

S  .00 

-10.40 

-  8.35 

-  9.95 

-12 .20 

4.45 

0 

13.00 

11.30 

4.10 

7  . 72 

-  9.20 

-  5.00 

-10.40 

-11.80 

2.09 

-  1.91 

10.85 

9.52 

5.50 

7.66 

-  6.43 

-  3.08 

-  8.45 

-  9.00 

0 

-  2.74 

7  .50 

6.13 

5.24 

5 . 93 

-  4.00 

-  1.22 

-  6.90 

-  5.90 

-  1.04 

-2.50 

4.33 

1.93 

2.30 

.94 

-  .34 

0 

0 

-15.45 

-  .26 

-  .38 

-  .007 

Y  SIN  89    Y  COS  89 


7  .88 

.14 

7.54 

-20.64 

-31.20 

-18.00 

-27 .66 

33.00 

27  .65 

33.00 

30.30 

-11.50 

-  8.55 

-23.50 

-16 .72 

2.95 

0 

9.00 

2.96 

.52 

.34 

.94 

5 . 05 

3.  50 

5  .43 

-  7.56 

-  7.07 

-  8.43 

-10.40 

6  .00 

4.45 

12.20 

12  .80 

-  2.26 

0 

-13 . 00 

-11.80 

-  2.09 

-  4.10 

11.50 

10.40 

5  .00 

7  .73 

-  9.20 

-7.07 

-  8.44 

-  9.50 

5.50 

3.42 

9.40 

8.85 

-  1.56 

0 

-  9.00 

-  7.88 

-  .14 

-  2.74 

7.53 

6  .94 

4  .00 

4.50 

-  5.36 

-  3.88 

-  4.60 

-4.33 

2.50 

1.05 

2.82 

.98 

-  .17 

0 

0 

-3.30 

-  1.24 

-  .09 

-  .03 

TABLE 

I. 

"l  ft 

-LO 

Continued.. 

Wave  11  o. 

2. 

Y  SIII  99 

Y  COS  99 

Y  SIII  109 

Y  COS  109 

Y  SII:  119 

Y  COS  119 

8.00 

0 

7.88 

-  .14 

V  •  5  2 

-  2.74 

0 

-22.00 

-  7.54 

-20.64 

-14.14 

-16.84 

-56.00 

0 

-31.20 

18.00 

-18.00 

31.20 

0 

43.00 

27.66 

33.00 

42.40 

7.50 

43.00 

0 

27.66 

-33.00 

-  7.50 

-42.40 

0 

-35.00 

-30.30 

-17.50 

-50.30 

17.50 

-25.00 

0 

-  8.50 

23.50 

19.15 

16.10 

0 

17.00 

16.72 

2.96 

5.81 

-15.95 

9.00 

0 

0 

-  9.00 

-9.00 

0 

0 

-  3.00 

-  2.96 

.52 

1.05 

2.82 

1.00 

0 

-  .34 

-  .94 

-  .75 

.  .64 

0 

-  7,0.0 

-6.05 

3 . 50 

6  .05 

3.50 

-10.00 

0 

6.43 

7.66 

1.74 

-  9.85 

0 

11.00 

-7.07 

-  8.43. 

-10.85 

1.91 

12.00 

0 

-10.40 

-6.00 

6.00 

10.40 

0 

-15. CO 

-  4.40 

12.20 

8 . 36 

9.95 

-13.00 

0 

12.80 

2.26 

-12.20 

-  4.45 

0 

13.00 

0 

-13.00 

0 

15.00 

12.00 

0 

-11.80 

2.09 

11.30 

-  4.10 

0 

-12.00 

4.10 

11.30 

-  7.72 

-  9.20 

-12.00 

0 

10.40 

-  6.00 

-6.00 

10.40 

0 

12 . 00 

-  7.73. 

-  9.20 

11.80 

2.09 

11.00 

0 

-  7.07 

8.44 

-  1.91 

-10.85 

0 

-11.00 

9.50 

5.50 

-  9.52 

5.50 

-10.00 

0 

3.42 

-  9.40 

7.66 

5.43 

0 

9.00 

-  8.85 

-  1.56 

3.08 

-  8.45 

9.00 

0 

0 

9.00 

-  9. CO 

0  | 

0 

-  8.00 

7.88 

-  .14 

2.74 

7.50 

-  8.00 

0 

-  2.74 

-7.53 

6.13 

5.24 

0 

8.00 

-  5.94 

4.00 

-  6.93 

-  4.00 

7.00 

0 

4 . 50 

5.36 

-  1.22 

6.90 

0 

-  6.00 

3.88 

-4.60 

5.90 

-  1.04 

-  5.00 

0 

-  4.33 

-2.50 

-  2.50 

-  4.33 

0 

3.00 

-  1.05 

2.82 

-  1.93 

2.30 

-  1.00 

0 

.98 

.17 

.94 

.34 

0 

0 

0 

0 

0 

0 

28.00 

-  1.00 

-15.51 

2.70 

-  1.85 

1.00 

.80 

-  .028 

-  .44 

.077 

-  .052 

.028 

V/ave  Ho.  2. 
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A0  =  .485 

A  m  14.40  c          tan  i  =  3/  -  13.40     =  .933  =  43° 

A,  14.40 

B,  s  13.40  s 

C,  =\|a*  +  B*  t=  Ul08  +  207     =  387-  =  19.7 

!   A=   -  2.14 

Bz~     11.72          tan  4  -  3„_  11.72  -  -5.47  =-79*  3o' 
C4-yi37.4  +  4.58^|Jl42  -  11.9 

A,"     -5 . 52 

B/=       3.62          tan  d)_  3.62  -  -.68  =-54° 

3 -5.32 

C  =  Ul3.1+28.5    =1/41.4  =  6.44 

A  =  -3.56 

B-=       .086          tan  t,  -  .086    --.0002  - -5" 
C  =  U.OO^  -f  11-2  =3.36 

.    A/=  -2.04 

3r=     6.98            tan  k  -  6.98  r  -3.42=  -74° 

S  -2.04 

-i  i                      \  r-  ■ 

U49  -f  4.16  =  U53.1  =7.3 

A  ~   -  .86 
«> 

3t=  -1.22           tan  d        .  22  =  1 .42  =  55  ° 

T     -  .85 

C=U  1.49  f  .74  =-[(2.23  -1.5 

Ay-  -.014 

B?=  -.76              tan  (()  =  -.76  -  54.2  =  89° 

7  -.014 

C7="\l-57  |  .0001  -|/. 57   -  .76 

20 


Wave  No,  2. 
A  =  -.06 


y 


Bj.=  -.18  tan  <f)  —  -  .18  -  5  -  72 


-.06 


C,=\|.0324  +  .0035  =T|  .036  =.19 


A~  -.056 


B,=  -.88  tan  i  =  1.60  -    -28.6  --88 

7  .056 


Gf=^]2.55  +  .003  =1)2.56  -  1.60 
A,c=  .154 


B,=  --88  tan  <j)  =  -.88  =    -5.71-   -80°  33  ' 

'°  ~^T54 

C^lj.79  f  .02  -T|.81   -  .88 

A,=  .056 

B„-   -.104  tan  (b  -  -.104    -  -1.85  -  -62  ° 

.056 


0,7=^.0031  4  .0108=^.0159  -.11 

The  wave  of  wave  Ho.  2.  is  expressed  in  Fourier's  series;  it  is 
Y  -  .486  +  19.7  Cos  (9  4  43°)   -h  11.9  Cos  (29  +  100° 30'] 
4  6.44  Cos  (39  f  146* )   4  3.36  Cos   (49  4  90°) 
+  7.3     Cos  (59  4-  106')   4  1.5     Cos  (59  4  235*) 
+     .76  Cos  (79  +  299°)   4  1.9     Cos  (89  4  252°) 
4  1.60  Cos  (99  4  178°)   4     .88  Cos  (109  4  279*30') 
4     .11  Cos  (119  4  29f>°  )  -   


Table  II. 


Wave 

No.  1 

7/ave  No.  3 

0 

Y 

Y  Sin. 39 

Y  Cos. 30 

Y 

Y  Sin. 39 

Y  Cos. 39 

10 

5 

2.50 

4.33 

5 

2.50 

4.33 

20 

11 

9.52 

5.50 

11 

9.52 

5.50 

30 

18 

18.00 

0 

17 

17.00 

0 

40 

21 

18.00 

-10.50 

20 

17.00 

-10.00 

50 

21 

10.50 

-18.20 

20 

10.00 

-17.32 

60 

17 

0 

-17.00 

17 

0 

-17.00 

70 

12 

-6.00 

-10.40 

10 

-5.00 

-8.66 

80 

8 

-6.92 

-4.00 

3 

-2.60 

-1.50 

^0 

2 

-2.00 

0 

0 

0 

0 

100 

-2 

1.73 

-1.00 

-2 

1.73 

-1.00 

110 

-4 

2.00 

-3.46 

-2 

1.00 

-1.73 

120 

-5 

0 

-5.00 

-£ 

0 

-2.00 

130 

-6 

-3.00 

-5.20 

-3 

-1.50 

-2.60 

140 

-7 

-6.05 

-3.50 

-3 

-2.50 

-1.50 

150 

-7 

-7.00 

0 

-3 

-3.00 

0 

1G0 

-7 

-5.06 

3.50 

-4 

-3.46 

2.00 

170 

-7 

-3.50 

6.06 

-4 

-2.00 

3.46 

180 

-7 

0 

7.00 

-4 

0 

4.00 

190 

-6 

3.00 

5.20 

-4 

2.00 

3.46 

200 

-6 

5.20 

3.00 

-4 

3.46 

2.00 

210 

-6 

6.00 

0 

-5 

5.00 

0 

220 

-6 

5.20 

-3.00 

-5 

4.33 

-2.50 

230 

-6 

3.00 

-5.00 

-5 

2.50 

-4.33 

240 

-5 

0 

-5.00 

-6 

0 

-6.00 

250 

-5 

-2.50 

-4.33 

-6 

-3.00 

-5.20 

260 

-5 

-4.33 

-2.50 

-6 

-5.20 

-3.00 

270 

-4 

-4.00 

0 

-6 

-6.00 

0 

280 

-4 

-3.46 

2.00 

-6 

-5.20 

3.00 

290 

-4 

-2.00 

3.46 

-6 

-3.00 

5.20 

300 

-4 

0 

4.00 

-6 

0 

6.00 

310 

-4 

2.00 

3.46 

-6 

3.00 

5.20 

320 

-3 

2.60 

1.50 

-5 

4.32 

2.50 

330 

-3 

3.00 

o 

-5 

5-00 

o 

340 

1.73 

-1.00 

-3 

3.46 

-2.00 

350 

-1 

.50 

-.86 

-3 

1.50 

-2.60 

350 

o 

0 

n 
u 

n 
u 

u 

U 

37.85 

-51.14 

51.09 

-42  29 

1.08 

-1.46 

1.45 

-1.20 

A=  - 

3 

2.92 

-2.40 

■3 

2.15 

2.92 

2.16  P  0? 

¥T7z  =  _'74  Tan.  /)=--•—  =  -1.21 
~2-92  Tj  -2.40 

0=     A]  4.661-  8.52  =  3.64  0^8.5+5.70  *  3.78 


3.64    Cos(36+143°  30)  5-78  Cos(3e+14tf) 


Table 
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III. 

Wave 

No.  4 

9 

Y 

Y  bin. 39 

Y  Cos. 39 

Y 

10 

r* 

5 

2  .50 

4.33 

25 

20 

15 

TO  r* 

12  .96 

7.50 

225 

50 

r-\  rr 

23 

23  .00 

0 

529 

40 

30 

26  .00 

-12.50 

900 

50 

rr  >i 

34 

17  .00 

•to      f~\  f 

-IB. 96 

1156 

60 

32 

0 

-32.40 

1024 

70 

25 

TO     r*  r"\ 

-12 . 50 

-21.65 

625 

80 

15 

-12 .96 

-7.50 

225 

90 

3 

rr      r>  r*\ 

-3 .00 

0 

9 

100 

-2 

a      rt  rr 

1.73 

-1.00 

4 

110 

-4 

O  r^\r*\ 

2.00 

-3.46 

16 

120 

-5 

0 

-5.00 

25 

130 

-5 

-2.50 

-4.33 

25 

140 

-5 

-2.50 

25 

150 

-6 

-o  .00 

0 

36 

160 

-6 

-5  .20 

3.00 

36 

170 

-6 

-3  .00 

5  .20 

36 

180 

-7 

0 

7.00 

49 

190 

-7 

o.50 

6.06 

49 

d00 

-8 

6.92 

4.00 

64 

OTA 

210 

-8 

8  .00 

0 

64 

220 

-8 

6.92 

-4.00 

64 

230 

-9 

A      r*  /*> 

4  .50 

-7.78 

81 

240 

-9 

0 

-9.00 

81 

250 

-9 

-4.50 

-7  .78 

81 

O  r*  f~\ 

260 

-10 

O     r*  r* 

-8.66 

-5.00 

100 

f\rf  A 

270 

-10 

-10.00 

0 

100 

o  o  r\ 

280 

—10 

-8.66 

5.00 

100 

O  A  A 

-10 

-5  •  00 

8.66 

100 

r?  r\  r\ 

300 

-10 

0 

10.00 

100 

310 

-9 

4.50 

7  .78 

81 

i 

320- 

-9 

7.78 

4.50 

81 

rr  r?  r> 

330 

-9 

9  .00 

0 

81 

340 

-8 

/*  no 

6.92 

-4.00 

64 

350 

e 
— o 

3.00 

-5.20 

360 

0 

0. 

0 

0 

Q  ~\  £.*7 
—V± »D 1 

6297 

1 .71 

-2.62 

180 

Ar 

-5.24 

La  .4fc 

3.42 

3.42 

Tan.  $  -  - 

  -6.5 

■a 

5.24 

C3^\j  11.7  t  27.4     =  6.28 

6. 

28  Cos 

.  f  39  t  147") 

U-  OF  I.  O.  S.  FORM  3 
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IY.  RESULT     OF  TESTS. 


The  following-  are  the  summarization  of  all  tests: 


Wave 

Eff .value  of 

Eff .value 

of  Ratio 

Eff .value 

in  amperes 

HO. 

resultant 

third 

resultant 

third 

3 

7.90 

2.67 

.298 

6.0 

2.01 

4 

8,35 

2.58 

.312 

8.6 

2.75 

1 

13.40 

4.18 

•  .312 

13.0 

4.05 

2 

17.00 

4.55 

.373 

26.0 

6.94 

average  .324 

Third  harmonic  of  wave  Ho.  3  3.78  Cos(39  +  140°) 

..  Ho  4  3.64  Cos  (39+  143°  30' ) 

..  Ho  1  6.28  Cos(39*-147°) 

..  Ho  2  6.44  Cos  ( 39 '+ 1461 


If  the  average. 324  is  used  a  slightly  different  value 
current  is  obtained  for  the  wave  of  triple  frequency. 
The  ratio  .298  is  perhaps  a  little  low  and  the  ratio  .373 
a  little  high,  this  may  he  due  to  the  percentage  error  being 
greater  in  case  of  the  smaller  wave  since  all  were  measured 
by  a  wave  micrometer.      The  percentage  error  being  greater 
in  case  of  the  smaller  area. 
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V.  CONCLUSION. 
While  it  was  expected  that  the  relative  proportion  of  triple 
frequency  current  would  increase  a  little  with  the  increase  in 
direct  current,    this  investigation  shows  this  not  to  be  the 
case.      It  is  difficult  to  see  the  reason  unless  it  is  that  as 
the  direct  current  is  increased  the  iron  becomes  highly  satur- 
ated, thus  the  transformer  begins  to  act  more  and  more  as  an  l 
air  inductance,  which  of  course  gives  no  distortion. 

If  time  had  permitted  the  investigation  would  have  been 
continued  along  slightly  diffrfent  lines.    A  direct  current 
which  was  very  small  would  have  been  tried,  &  current  small 
enough  not  to  seriously  effect  the  density. 

IT  is  possible  that  the  distortion  is  a  maximum  when  the 
permeability  of  the  iron  is  a  maximum.  During  all  these  tests 
the  iron  was  greatly  over-saturated. 
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